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Abstract

Background Osteochondral allografting is an option for

successful treatment of large articular cartilage defects.

Use of osteochondral allografting is limited by graft

availability, often because of loss of chondrocyte viability

during storage.

Questions/purposes The purpose of this study was to

compare osteochondral allografts implanted in canine

knees after 28 days or 60 days of storage for (1) initial

(1 week) safety and feasibility; (2) integrity and position-

ing with time (12 weeks and 6 months); and (3) gross, cell

viability, histologic, biochemical, and biomechanical

characteristics at an endpoint of 6 months.

Methods With Institutional Animal Care and Use Com-

mittee approval, adult dogs (n = 16) were implanted with

8-mm cylindrical osteochondral allografts in the lateral and

medial femoral condyles of one knee. Osteochondral

allografts preserved for 28 or 60 days using either the

current tissue bank standard-of-care (SOC) or a novel

system (The Missouri Osteochondral Allograft Preserva-

tion System, or MOPS) were used, creating four treatment

groups: SOC 28-day, MOPS 28-day, SOC 60-day, and

MOPS 60-day. Bacteriologic analysis of tissue culture and

media were performed. Dogs were assessed by radiographs

and arthroscopy at interim times and by gross, cell via-

bility, histology, biochemistry, and biomechanical testing

at the 6-month endpoint.

Results With the numbers available, there was no dif-

ference in infection frequency during storage (5% for SOC

and 3% for MOPS; p = 0.5). No infected graft was

implanted and no infections occurred in vivo. MOPS grafts

had greater chondrocyte viability at Day 60 (90% versus

53%; p = 0.002). For 60-day storage, MOPS grafts were as

good as or better than SOC grafts with respect to all out-

come measures assessed 6 months after implantation.

Conclusions Donor chondrocyte viability is important for

osteochondral allograft success. MOPS allows preservation

of chondrocyte viability for up to 60 days at sufficient

levels to result in successful outcomes in a canine model of

large femoral condylar articular defects.

Clinical Relevance These findings provide a promising

development in osteochondral allograft technology that can

benefit the quantity of grafts available for use and the

quality of grafts being implanted.
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Introduction

Articular cartilage defects resulting from traumatic injuries,

osteochondrosis, or arthritis are commonly encountered in

patients. Osteochondral allografting is a unique treatment

option; it is a biologic technique that can functionally restore

even very large articular cartilage defects with viable hya-

line cartilage and subchondral bone. This method has been

in use clinically for more than 30 years, primarily in the

knee [21]. Numerous studies have reported that osteochon-

dral allografts are associated with 10-year survivorship

between 71% and 85% and up to 74% at 15 years [9, 13, 14,

16, 17, 19, 20, 31, 37]. Overall, outcomes after osteochon-

dral allograft treatment have been good to excellent, even in

the athletic population in which 88% of patients returned to

sport, including 79% returning to their preinjury level of

sport [24, 31].

Although osteochondral allografting has proven clinical

safety and efficacy, its use is limited by availability and

logistical issues involving graft procurement, disease test-

ing, and storage before implantation. These issues depend

on the relatively short time for which sufficient chondro-

cyte viability in the grafts can be maintained using current

tissue storage protocols. Chondrocyte viability has been

reported to be critically important for maintaining the

biochemical and biomechanical properties of osteochon-

dral allografts, which correlate directly to the clinical

success of the surgery [1, 19, 26, 39]. Several storage

methods have been investigated to try to optimize chon-

drocyte viability with each showing noticeable declines in

chondrocyte viability after Day 14, decreasing below

acceptable levels (typically considered to be 70% viable

cells) by 28 days after procurement [2, 5–8, 25, 28, 29, 33,

34, 36, 39]. Mandatory disease testing procedures require

14 days before tissues can be released from the tissue bank

to the surgeon for implantation. As such, a narrow window

of time (eg, 14 days) for size matching, scheduling surgery,

and transporting tissues exists to allow for optimal use of

donor tissues. We wished to find a way to preserve

osteochondral allograft tissue in a manner that maintains

chondrocyte viability at acceptable levels for a longer time

than current tissue bank protocols permit. To this end, we

developed The Missouri Osteochondral Allograft Preser-

vation System (MOPS), a serum-free tissue preservation

method [11] that has prolonged the time for maintenance of

acceptable levels of chondrocyte viability in osteochondral

tissues to more than twice as long as the current standard-

of-care based on in vitro assessments [15, 32].

The purpose of this study was to validate MOPS in vivo

with respect to functional outcomes of osteochondral

allografts preserved using the MOPS compared with

osteochondral allografts preserved using the current

standard-of-care method for tissue banks. Specifically, we

compared allografts implanted in canine knees after

28 days or 60 days of storage in terms of (1) initial

(1 week) safety and feasibility; (2) integrity and position-

ing with time (12 weeks and 6 months); and (3) gross, cell

viability, histologic, biochemical, and biomechanical

characteristics at an endpoint of 6 months.

Materials and Methods

With approval from our institution’s Animal Care and Use

Committee, the stifles (knees) of purpose-bred adult (2 to

6 years old) male mongrel dogs were aseptically harvested

after humane euthanasia was performed for reasons unre-

lated to this study. The knees were randomly assigned to

one of four groups: (1) Standard-of-care (SOC) 28, 28-day

storage at 4� C in standard tissue bank media (n = 12);

MOPS [35] 28, 28-day storage at room temperature

(25� C) in MOPS media (n = 12); SOC 60, 60-day storage

at 4� C in standard tissue bank media (n = 12); and MOPS

60, 60-day storage at room temperature in MOPS media

(n = 12).

All soft tissues were removed in the operating room and

the knees were fully inspected to ensure no disease was

present. For samples assigned to the SOC groups, the distal

femurs were placed in standard storage media and stored in

a dedicated refrigerator at 4� C for 28 days or 60 days. For

samples assigned to the MOPS group, the distal femurs

were placed in defined media (custom closed containers)

and stored in a dedicated clean room at room temperature

(25� C) for 28 or 60 days. Samples of media were collected

weekly for both groups for microbial testing and metabolic

assay for MOPS osteochondral allografts.

For analysis of osteochondral allograft tissue metabolism,

a subset of samples was tested using the resazurin (Sigma

Aldrich, St Louis, MO, USA) assay. For the assay, 6 mL of

resazurin (100 lg/mL) was added to each sample and

incubated overnight at room temperature. After incubation,

a 200-lL sample of the media was placed on a black 96-well

plate, and the level of fluorescence (metabolic activity

count) in the sample was read using a spectrophotometer

(SynergyTM HT; BioTek, Winooski, VT, USA).

Surgery and Aftercare

Sixteen adult mongrel female dogs (2 to 5 years old, 25 to

35 kg body weight, obtained from Marshall Farms Bio-

Resources, North Rose, NY, USA; USDA #21-A-008),

judged free of osteoarthritis in all joints based on physical

and orthopaedic examination by two veterinary
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orthopaedic surgeons (JLC, SPF) and radiographs of the

hips, elbows, and knees, were enrolled in the study (Fig. 1).

At 28 or 60 days after graft procurement, the dogs were

premedicated with xylazine, morphine, and atropine;

anesthetized with propofol; and maintained on isoflurane in

oxygen inhaled through endotracheal intubation. The dogs

were prepared for aseptic surgery of the right knee. A

lateral parapatellar approach with arthrotomy was per-

formed in the right knee, and 8-mm cylindrical focal

defects were created in the weightbearing areas of the

lateral and medial femoral condyles using commercially

available allograft instrumentation. These defects were

filled with site-matched 8-mm diameter x 8-mm depth

osteochondral allografts obtained from the adult male

cadaveric distal femurs preserved by either SOC or MOPS

and implanted using the calibrated press-fit method of the

allograft system (Fig. 2). At each time (28 days or 60 days

after graft procurement), each knee received one SOC graft

and one MOPS osteochondral allograft, which were alter-

nated between medial and lateral femoral condyles. At the

time of implantation, samples of the bone and cartilage

from each distal femur and from the preservation media

were obtained and processed for microbial testing.

Soft-padded, full-limb bandages were placed on the

surgically treated limb of each dog. The dogs were

recovered and analgesics (morphine followed by oral

analgesics) were provided postoperatively for 48 hours and

then as needed based on physical parameters indicating the

Fig. 1 This study design flow

chart shows the process used to

test and analyze the SOC and

MOPS groups. SOC = standard-

of-care; MOPS = The Missouri

Osteochondral Allograft Preser-

vation System;

OCAs = osteochondral

allografts.

Fig. 2 This intraoperative image shows 8-mm osteochondral allo-

grafts preserved by either SOC (left) or MOPS (right) and implanted

in the medial and lateral femoral condyles of dogs using the press-fit

method of a commercially available allograft system.
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presence of pain. The bandages were maintained for

1 week to limit flexion and extension of the stifles during

the initial healing period. The dogs were restricted to their

kennels with monitored daily out-of-kennel exercise in a

confined area for the entire study period.

Initial Feasibility and Safety Testing

One dog for each implantation time (n = 2 dogs; 28-day

osteochondral allograft storage and 60-day osteochondral

allograft storage) was humanely euthanized 1 week after

surgery by an intravenous overdose of pentabarbitol/phe-

nytoin. Synovial fluid from both knees was obtained and

processed for microbial testing. The knee of each dog was

examined for gross appearance of the grafts and all other

tissues. Sections from each graft then were obtained and

immediately prepared for determination of cell viability.

Chondrocyte viability in constructs was assessed using two

stains to detect live and dead cells (Molecular Probes1;

Life Technologies, Grand Island, NY, USA) as per the

manufacturer’s suggested protocol, where live cells are

stained green with calcein-AM and dead cells stained blue

with SYTOX1 blue (Life Technologies). Percent chon-

drocyte viability for each osteochondral allograft was

quantified using digital image analysis.

Each osteochondral allograft was placed in 10% neutral-

buffered formalin fixative. After fixation, tissues were

decalcified using 10% EDTA in phosphate-buffered saline

until the endpoint of decalcification was reached as indi-

cated by the ammonium oxalate test (ie, absence of

detectable calcium in the decalcifying fluid). After decal-

cification, tissues were dehydrated, paraffin-embedded, and

cut on a microtome in 5-lm sections for histopathologic

examination of each graft. Specimens were deparaffinized,

rehydrated, and stained with hematoxylin and eosin to

determine cell distribution and morphologic features of the

tissue, toluidine blue to assess proteoglycan distribution,

and picrosirius red to determine collagen integrity. Osteo-

chondral sections were evaluated by two board-certified

veterinary pathologists (KK, CCB) who were blinded to

dog number, group, and clinical findings and scored based

on criteria described in the Osteoarthritis Research Society

International (OARSI) histologic assessment system for

dogs [11].

For microbial testing, synovial fluid was submitted in

trypticase soy broth and tissue was submitted in thiogly-

collate enrichment broth in triplicate such that two

incubation temperatures and aerobic and anaerobic condi-

tions could be evaluated. For each sample, aerobic testing

was performed at room temperature and 35� C, and

anaerobic testing was performed at 35� C. All cultures

were maintained for 14 days. Samples with evidence of

growth were plated for bacterial, yeast, fungal, and spore-

forming bacterial identification.

All dogs were implanted successfully and recovered

without complications. Immediate postoperative radio-

graphs showed appropriate implantation of all grafts with

no evidence of technical errors.

Radiographic Assessments

Craniocaudal (anteroposterior), and mediolateral digital

radiographic views of surgically treated knees were obtained

in a standardized fashion the day before surgery, immedi-

ately postoperatively, and at 12 weeks and 6 months after

surgery. The radiographs were evaluated by one board-cer-

tified veterinary radiologist (CRC) blinded to dog number,

group, and clinical signs using an established subjective

system [30]. Subjective findings related to allograft integrity

and positioning also were described.

Arthroscopic Assessments

At 12 weeks and 6 months after surgery, arthroscopic evalu-

ation of surgically treated knees was performed using

cranio(antero)lateral and cranio(antero)medial portals. All

articular surfaces of the patella, femur, and tibia were examined

and subjectively assessed by one board-certified veterinary

orthopaedic surgeon (JLC) with respect to graft appearance and

any associated articular cartilage damage. Synovitis and men-

iscal disorders also were subjectively assessed.

Gross Examination

Remaining dogs (n = 14) were humanely euthanized

6 months after surgery by intravenous overdose of penta-

barbitol/phenytoin. Both knees of each dog were carefully

disarticulated. The articular surfaces of the patella, femur,

and tibia were photographed and subjectively assessed.

Each graft site was harvested individually with its sur-

rounding cartilage and bone and divided in half to allow for

cell viability and histologic assessments (1
.
2) and bio-

chemical and biomechanical assessments (1
.
2) to be

performed on every sample. Matched sections from the

contralateral untreated limb were harvested and assessed in

the same fashion to serve as normal (native tissue) controls.

Cell Viability

Sections from each sample were prepared for determina-

tion of cell viability. Cell viability in grafts and
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surrounding cartilage was assessed using the LIVE/

DEAD1 Assay Kit (Molecular Probes1; Life Technolo-

gies) as described previously.

Histologic Assessment

For histology, each osteochondral allograft was placed in

10% neutral-buffered formalin fixative until processed for

histologic examination. After fixation, tissues were pro-

cessed as previously described. Osteochondral sections

were evaluated by two board-certified veterinary patholo-

gists (KK, CCB) who were blinded to dog number, group,

and clinical findings and scored for structural disorders,

chondrocyte disorders, proteoglycan loss, collagen integ-

rity, tidemark integrity, and subchondral bone plate

changes based on criteria described in the OARSI histo-

logic assessment system for dogs [12].

Biochemical Assessment

The biochemical content from articular cartilage sections

of each osteochondral allograft was assessed by first

measuring the sample’s wet weight, lyophilizing overnight,

and then measuring dry weight. Gross water content was

determined from the difference. Once dry, the samples

were digested with papain overnight at 60� C. Aliquots of

the digest were analyzed for glycosaminoglycan (GAG)

content using the 1,9-dimethylmethylene blue dye-binding

assay. An additional aliquot was assessed for collagen

content using a colorimetric assay to detect ortho-

hydroxyproline (OHP) content. OHP content was con-

verted to total collagen content using the conversion of

1:10 ratio of OHP:collagen. Each biochemical constituent

(GAG and collagen) was normalized to the tissue dry

weight.

Biomechanical Assessment

The material properties of the cartilage in the graft in the

femoral condyles were determined and compared with

cartilage in the site-matched region of the contralateral

femoral condyles using previously reported methods

[15]. In brief, biomechanical testing (3.9-mm diameter

indenter and 4.0-mm diameter sample well) was performed

using a computer-controlled load frame (Instron1 8821s;

Instron, Norwood, MA, USA) and optical position tracking

(Certus1; Northern Digital Incorporated, Waterloo, Ontario,

Canada). After equilibration under a tare load (5 N), the

tissue was deformed to 10% tissue strain at a ramp rate of 1

lm/second followed by dynamic loading with a sinusoidal

strain (± 5%) at 1 Hz. Strain measurements were performed

using optical position tracking (Certus1). These measure-

ments yielded an instantaneous tissue modulus (EY) at the

end of the stress-relaxation test and the dynamic modulus at

1 Hz (G) from the sinusoidal test.

Definition of a Successful Outcome

For the dogs in this study, a successful outcome was

defined as an osteochondral allograft that was associated

with graft integration, maintenance of hyaline cartilage,

lack of associated cartilage disorder, and lack of fibrilla-

tion, fissuring, or fibrous tissue infiltration of the allograft

based on subjective radiographic, arthroscopic, gross, and

histologic assessments at 6 months after implantation.

Statistical Analyses

All statistical analyses were performed using a computer

software program (Sigma Plot1, San Rafael, CA, USA).

Data from each group at each time were combined and

means ± SDs were determined. Pearson product moment

test was used to assess strength and significance of correla-

tions. A t-test was performed to determine differences

between groups with respect to chondrocyte viability. A one-

way ANOVA was performed to determine differences

among groups with respect to each outcome measure of

continuous data (chondrocyte viability, metabolic activity

counts, GAG, collagen, biomechanical assessments) at each

time. Rank sum test was performed to determine differences

among groups with respect to each outcome measure of

categorical data (histologic scores) at each time. Significance

was set at p less than 0.05. Odds ratios were calculated to

determine effect size for proportions of grafts from each

group with less than 70% chondrocyte viability.

Results

Comparison of Osteochondral Allografts After 28 Days

or 60 Days

The preimplantation bacterial infection rate was 5% for

SOC and 3% for MOPS tissues. No infected graft was

implanted and no infections occurred in vivo.

Day 28 percent chondrocyte viability ranged from 22.9%

to 99% with a mean ± SD of 60.2 ± 15.6% for SOC and

82.9 ± 7.4% for MOPS (p = 0.26). Based on calculation of

odds ratio, SOC-28 grafts were six times more likely than

MOPS-28 grafts to have percent chondrocyte viability less

than 70%. Three SOC-28 grafts and 1 MOPS-28 graft with
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less than 70% chondrocyte viability were implanted in long-

term (6-month) recipient dogs’ knees.

Day 60 percent chondrocyte viability ranged from

24.7% to 99% with a mean ± SD of 52.7 ± 17.9% for

SOC and a mean of 89.8 ± 9.1% for MOPS. Day 60

percent chondrocyte viability was greater for MOPS than

for SOC grafts (p = 0.002). Eleven SOC-60 (92%) and

two MOPS-60 (17%) grafts had a chondrocyte viability

less than 70%. Based on calculation of odds ratio, SOC-60

grafts were 55 times more likely than MOPS-60 grafts to

have percent chondrocyte viability less than 70%. Six

SOC-60 grafts and one MOPS-60 graft with less than

70% chondrocyte viability were implanted in long-term

(6-month) recipient dogs’ knees.

Metabolic activity counts had a strong (r = 0.95), sig-

nificant (p \ 0.00001), positive correlation with percent

chondrocyte viability. Activity counts greater than 1000

indicated grafts maintained chondrocyte viability of 70%

or greater, whereas counts less than 1000 indicated grafts

maintained chondrocyte viability less than 70%.

Gross, histologic, and cell viability assessments of the

two dogs assessed 1 week after implantation showed

appropriate maintenance of graft integrity for all groups.

Assessment of Allograft Integrity and Positioning

at 12 Weeks and 6 Months

Radiographic assessments performed at 12 weeks and

6 months after implantation showed evidence for progres-

sive osseous integration of SOC and MOPS grafts with

variable degrees of associated sclerosis. There was no

radiographic evidence of failure of osseous integration for

any graft. All knees showed radiographic evidence of

effusion or synovial proliferation, ranging from mild to

moderate. No subjective differences were noted between

groups with respect to radiographic assessments (Fig. 3).

For 28-day preservation, MOPS and SOC grafts were

similar in appearance based on arthroscopic assessments

performed 12 weeks and 6 months after implantation. For

60-day preservation, MOPS grafts were subjectively supe-

rior to SOC grafts with respect to arthroscopic appearance

when assessed 12 weeks and 6 months after implantation.

Assessment of Gross, Cell Viability, Histologic,

Biochemical, and Biomechanical Characteristics

at 6 Months

For 28-day preservation, MOPS and SOC grafts were similar in

appearance based on gross assessments performed 6

months after implantation. For 60-day preservation, MOPS

grafts were subjectively superior to SOC grafts with respect to

gross appearance when assessed 6 months after implantation.

For both preservation periods, chondrocyte viability at the time

of implantation appeared to correspond well to subjective

arthroscopic, gross, and histologic assessments (Fig. 4) in that

grafts with viability less than 70% (1000 activity count) at the

time of implantation were all considered to have failed

(Table 1).

Histologic Assessment at 6 Months

For 28-day and 60-day storage, OARSI histologic scores

for MOPS grafts were numerically lower (less disease)

compared with SOC grafts for both storage durations,

however, these differences were not statistically

Fig. 3A–D The radiographic appearances of the knees of (A) Dog 1

and (B) Dog 5 immediately after implantation of osteochondral

allografts are shown. These radiographs show the appearances of the

knees of (C) Dog 1 and (D) Dog 5 6 months after implantation of

osteochondral allografts into the medial and lateral femoral condyles.

For both of these dogs, MOPS-60 grafts were placed in the medial

femoral condyles and SOC-60 grafts were placed in the lateral

femoral condyles. Osseous integration of SOC and MOPS grafts is

apparent based on the loss of radiolucency at the graft margins. There

was no radiographic evidence for failure of osseous integration for

any graft.
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significant. Significantly (p \ 0.05) higher (more severe

disorders) OARSI scores were noted for grafts with less

than 70% chondrocyte viability at the time of implantation.

Subjectively, morphologic features of hyaline cartilage and

proteoglycan staining were better preserved in MOPS grafts

than SOC grafts for 28-day and 60-day osteochondral

Table 1. Summary of chondrocyte viability, histologic scores, and outcomes

Osteochondral

allograft preservation

method

Mean ± SD

percent chondrocyte

viability

Less than 70%

chondrocyte

viability

Greater than 70%

chondrocyte

viability implanted

Histologic score

(mean ± SD)

Successful

outcome

(number [%])

SOC-28 60.2 ± 15.6 33% 4 13.7 ± 2.7 4 (57)

MOPS-28 82.9 ± 7.4 8% 6 8.3 ± 3.8 6 (86)

SOC-60 52.7 ± 17.9 92% 1 17.4 ± 2.8 0 (0)

MOPS-60 89.8 ± 7.4 17% 6 10.1 ± 2.9 6 (86)

Grafts with less than 70% chondrocyte viability = percentage of total donor grafts (n = 12 per group) that had less than 70% chondrocyte

viability after storage; grafts with greater than 70% chondrocyte viability implanted = number of grafts with greater than 70% chondrocyte

viability that were implanted in the long-term recipient dogs (n = 14); Successful outcome = number (%) of grafts in each group that were

associated with graft integration, maintenance of hyaline cartilage, lack of associated cartilage disease, and lack of fibrillation, fissuring, or

fibrous tissue infiltration of the allograft based on subjective radiographic, arthroscopic, gross, and histologic assessments 6 months after

implantation; SOC-28 = standard-of-care 28 days; MOPS-28 = Missouri Osteochondral Allograft Preservation System 28 days; SOC-

60 = standard of care 60 days; MOPS-60 = Missouri Osteochondral Allograft Preservation System 60 days. P value for 28-day mean percent

chondrocyte viability between SOC and MOPS = 0.26; Day 60 chondrocyte viability between SOC and MOPS = 0.002. For 28-day and 60-day

storage, OARSI histologic scores for MOPS grafts were numerically lower (less disease) compared with SOC grafts for both storage durations,

however, these differences were not statistically significant (p [ 0.05).

Fig. 4A–F Corresponding (A) SOC-60

and (B) MOP-60 arthroscopic,

(C) SOC-60 and (D) MOP-60 histo-

logic (Stain, toluidine blue; original

magnification, 92); and (E) SOC-60

and (F) MOP-60 cell viability (Stain,

calcein-AM/ SYTOX1 blue; original

magnification, 94) images show the

appearance of osteochondral allografts

stored for 60 days before implantation

in the femoral condyles of dogs and

assessed 6 months after surgery. The

arrowheads designate the graft-host

junction in each image. Osteochondral

allografts stored using MOPS for

60 days before implantation were con-

sistently better than those stored using

the current SOC for tissue banks based

on the subjective arthroscopic appear-

ance of the articular cartilage sur-

face, histologic scoring, and chondro-

cyte viability. SOC = standard-of-care;

MOPS = The Missouri Osteochondral

Allograft Preservation System.
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allografts. Chondrocyte loss, clustering, and phenotypic

changes were observed more frequently in SOC grafts than

MOPS grafts, with the most severe changes noted in SOC-60

osteochondral allografts. Similarly, fibrillation, fissuring, and

fibrous tissue infiltration were observed in three SOC-28 and

seven SOC-60 grafts with only one MOPS-28 and one MOPS-

60 osteochondral allograft showing these structural changes.

Biochemical Assessments

GAG content was greater (p \ 0.009) in native articular

cartilage compared with cartilage from SOC and MOPS

28-day grafts and SOC 60-day grafts when assessed

6 months after implantation. GAG content was not differ-

ent in native articular cartilage compared with cartilage

from MOPS 60-day grafts at 6 months (p = 0.34; Fig. 5).

There were no differences in collagen content in native

cartilage compared with cartilage from SOC and MOPS

28-day or 60-day grafts at 6 months (p = 0.28 and 0.21,

respectively; Fig. 6).

Biomechanical Assessment

Instantaneous tissue modulus (Ey) and dynamic modulus

(G) were greater (p \ 0.05) in native articular cartilage and

cartilage from MOPS 60-day grafts compared with SOC

60-day grafts when assessed 6 months after implantation.

Instantaneous tissue modulus and dynamic modulus were

not different in native articular cartilage compared with

cartilage from MOPS 60-day grafts at 6 months (p = 0.12

and 0.18, respectively; Fig. 7).

Discussion

While osteochondral allografting can be a successful treat-

ment for large articular cartilage defects, use and success of

allografts is limited by availability of acceptable grafts, often

because of loss of chondrocyte viability during storage. We

examined the feasibility of storing osteochondral allografts

for up to 60 days using the MOPS system in terms of (1)

whether chondrocyte viability is maintained at acceptable

levels and risk for contamination is not increased over cur-

rent standard-of-care storage; (2) integrity and positioning

with time (12 weeks and 6 months); and (3) radiographic,

arthroscopic, gross, cell viability, histologic, biochemical,

and biomechanical characteristics at an endpoint of

6 months Both methods for and durations of storage eval-

uated in this study allowed for integration into host bone and

showed lack of associated joint disorders based on longitu-

dinal radiographic assessments. After 28 days of storage

using either current tissue bank protocol (4� C) or MOPS

(room temperature), osteochondral allografts implanted in

the femoral condyles of dogs were associated with similarly

good radiographic, arthroscopic, gross, histologic, bio-

chemical, and biomechanical measures of graft performance

performed 6 months after implantation. However, for allo-

grafts stored for 60 days before implantation, MOPS grafts

performed better than SOC grafts when assessed 6 months

after implantation.

Fig. 5 Mean ± SD values for GAG content of articular cartilage from

osteochondral allografts (MOPS [n = 7] and SOC [n = 7]) stored for

either 28 or 60 days before implantation and assessed 6 months after

implantation were compared with values for site-matched normal

articular cartilage from the contralateral limbs (n = 14; Native). GAG

content was significantly (p \ 0.009) greater in native articular

cartilage compared with cartilage from SOC and MOPS 28-day grafts

and SOC 60-day grafts when assessed 6 months after implantation.

GAG = glycosaminoglycan; SOC = standard-of-care; MOPS = The

Missouri Osteochondral Allograft Preservation System.

Fig. 6 Mean ± SD values for ortho-hydroxyproline content of

articular cartilage from osteochondral allografts (MOPS [n = 7]

and SOC [n = 7]) stored for either 28 or 60 days before implantation

and assessed 6 months after implantation were compared with values

for site-matched normal articular cartilage from the contralateral

limbs (n = 14; Native). There were no differences in collagen content

in native cartilage compared with cartilage from SOC and MOPS 28-

day or 60-day grafts at 6 months (p = 0.28 and 0.21, respectively.

OHP = ortho-hydroxyproline; SOC = standard-of-care; MOPS =

The Missouri Osteochondral Allograft Preservation System.
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The limitations of this study include the use of a canine

model with a relatively small number of dogs with normal

knees using a single 6-month endpoint. In addition, the clinical

outcome measures used, radiographs and arthroscopy, were

subjective assessments. Although these limitations can result

in type II errors for results that were not significantly different

between groups and affect the interpretation of the data, it is

important to also consider that dogs serve as a legitimate

translational model based on anatomy, joint physiology, bio-

mechanics, and use of osteochondral allografts for successful

treatment of clinical canine patients [3, 10, 18]. In addition,

direct comparison of this novel storage method to the current

standard of care using multiple outcome measures including

histology and biomechanical testing with a study duration

considered appropriate for preclinical testing by the ASTM

and the US FDA lends credence to the relevance of these data

for human use [4, 10, 35].

A concern with storing osteochondral allografts at

temperatures greater than 4� C (eg, 25� C or 37� C) and for

longer times before implantation is the potential for

increased risk for graft infection. In our study, the infection

rate for MOPS grafts was numerically lower than for SOC

grafts with no significant difference noted between groups

for up to 60 days of storage. No infected graft was

implanted in dogs because all infections were detected

based on microbial testing of the media before the time of

implantation.

This translational animal model study verified the previ-

ously reported findings regarding the importance of donor

chondrocyte viability in osteochondral allografts with

respect to successful outcomes [1, 19, 22, 23, 26, 27, 38, 39].

The previously stated recommendation for a minimum of

70% chondrocyte viability in all grafts to be used clinically

is supported. The data from this study suggest that donor

chondrocytes contributed to maintenance of functional

hyaline cartilage in the grafts based on the finding that all

successful grafts had greater than 70% chondrocyte viability

at the time of implantation. Grafts that failed to maintain the

architecture and function of hyaline cartilage all had less

than 70% chondrocyte viability at the time of implantation.

Together with previous studies [1, 19, 22, 23, 26, 27, 38,

39], these data suggest that viable chondrocytes in osteo-

chondral allografts at the time of transplantation are

primarily responsible for maintenance of donor articular

cartilage health long term. Therefore, optimizing chondro-

cyte viability in all aspects of osteochondral allografting,

including procurement, processing, storage, transportation,

and surgical implantation, needs to be a primary focus for

research in this field. Our study addresses graft storage and

provides in vivo validation for the advantages of MOPS in

optimizing this critical component of the process.

The findings from the current study also validate the

concern regarding use of grafts with insufficient chondro-

cyte viability as viability is known to rapidly decline from

the completion of mandatory disease testing (Day 14) to

fall below acceptable levels by Day 28 after procurement

using current tissue bank protocols [2, 5–8, 25, 28, 29, 33,

34, 36, 38]. In addition, current protocols do not allow for

determination of chondrocyte viability in individual grafts,

leaving the judgment of graft acceptability to assumptions

based on mean values from previous studies. MOPS was

able to maintain sufficient ([ 70%) chondrocyte viability

for up to 60 days in 83% of stored allografts in this study.

Previous studies [15, 32] which tested various media,

temperatures, and containers for preserving allografts

before implantation, suggest that it is the unique combi-

nation of these variables optimized during development of

the MOPS that results in the improved graft quality noted

in our study. If these findings hold true for preservation of

human osteochondral tissues procured for osteochondral

allografting, it would effectively triple the window for

clinical use of donor tissue after disease-testing clearance

Fig. 7A–B Mean ± SD for (A) instantaneous tissue modulus (Ey)

and (B) dynamic modulus (G) of articular cartilage from osteochon-

dral allografts (MOPS [n = 7] and SOC [n = 7]) stored for either 28

or 60 days before implantation and assessed 6 months after implan-

tation were compared with values for site-matched normal articular

cartilage from the contralateral limbs (n = 14; Native). Native and

MOPS-60 were significantly higher (p \ 0.05) than SOC-60.

SOC = standard-of-care; MOPS = The Missouri Osteochondral

Allograft Preservation System.
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for use (eg, from 14 days currently to 46 days using

MOPS). If metabolic testing of storage media as described

in this study can be implemented by tissue banks, the actual

quality of individual osteochondral allografts can be

determined before distribution to the surgeon so that only

grafts with sufficient chondrocyte viability are used for

patients. In this way, the quantity and quality of osteo-

chondral allografting will be improved, which will benefit

tissue banks, surgeons, the healthcare system, and, most

importantly, patients receiving allografts. The medium

used for MOPS is serum-free and does not contain growth

factors or other additives that would require further regu-

latory approval before implementation. As such, tissue

banks could adopt this system for preservation of osteo-

chondral grafts intended for clinical trials.

Data derived in this study that examined the MOPS allow

us to conclude that preservation of chondrocyte viability for

up to 60 days at sufficient levels to result in successful

outcomes in a canine model of large femoral condylar

articular defects is possible. Chondrocyte viability at the

time of implantation corresponded well to clinical and

histologic measures of success with a relative threshold of

70% chondrocyte viability being acceptable for use. The

MOPS system was better able to preserve grafts above this

threshold, and allows for determination of chondrocyte

viability by media assay before implantation so that graft

quality can be ensured. Outcomes based on arthroscopic,

gross, cell viability, histologic, biochemical, and biome-

chanical characteristics associated with MOPS-stored

allografts were as good as or better than those using the

current standard-of-care system used by tissue banks. This is

a promising development in osteochondral allograft tech-

nology that potentially can benefit the quantity of grafts

available for use and the quality of grafts being implanted.
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